Abstract Our previous study revealed that alginate gel cross-linked with covalent bonds promoted peripheral nerve regeneration in the cat and rat. The present study analyzed nerve regeneration through alginate gel in the early stages within 2 weeks and the late stages up to 21 months after implantation. Four days after surgery, regenerating axons grew without Schwann cell investment through the partially degraded alginate gel, being in direct contact with the alginate without a basal lamina covering. Numerous mast cells infiltrated into the alginate. One to 2 weeks after surgery, regenerating axons were surrounded by common Schwann cells to form small bundles, with some axons at the periphery being partly in direct contact with alginate. At the distal stump, numerous Schwann cells had migrated into the alginate 8-14 days after surgery. They had no basal laminae. The diameter of regenerated myelinated fibers was small (approximately 1 m) at 8 weeks, but increased in diameter, having a distribution pattern similar to that of normal nerve 21 months after surgery. Much better nerve regeneration was found in alginate gel-, than collagen sponge-, and fibrin glue-implanted distal stump 12 months after surgery. These results indicate that alginate gel has good biocompatibility for regenerating axon outgrowth and Schwann cell migration, and that regenerated fibers can have a diameter as thick as that of normal fibers in the long term. Alginate gel is a promising material for use as an implant for peripheral nerve regeneration.
Introduction
It has been demonstrated that the extracellular matrix including basal laminae of Schwann cells and muscle fibers can be an effective conduit for the extension of regenerating axons in the peripheral nervous system Ide 1984 Ide , 1996 Tohyama 1985; Fawcett and Keynes 1986; Osawa et al. 1990; Tajima et al. 1991; Mligiliche et al. 2001) . Although Schwann cells play an important role in axonal extension (Hall 1986; Nadim et al. 1990 ), these studies showed that regenerating axons can use acellular biomaterials as a scaffold through which to elongate. Schwann cells migrate along the regenerating axons behind the growing tip through the acellular biomaterials. Such Schwann cell investment is needed for regenerating axons to extend a long distance (Ide 1983) . Based on these studies, various biomaterials manufactured in different ways have been studied for use as a replacement for autologous nerve grafts (Lundborg et al. 1982; Yannas et al. 1985; Rich et al. 1989; Tong et al. 1994; Ide 1996; Kiyotani et al. 1996; Zhang et al. 1997; Sonodell et al. 1998) .
Alginate, a well-established bioresorbable polysaccharide, is a block co-polymer consisting of b-d-mannuronic acid and a-l-gluronic acid, which is extracted from brown seaweed. We have recently developed a novel alginate gel dressing cross-linked with covalent bonds, which has no inhibitory effect on cell proliferation in vitro, and induces little foreign body reaction when implanted in tissues in vivo (Suzuki Y et al. 1997 (Suzuki Y et al. , 1998 (Suzuki Y et al. , 1999a .
Our previous studies showed that freeze-dried alginate gel cross-linked with covalent bonds promoted nerve regeneration in cat and rat sciatic nerve (Suzuki Y et al. 1999b; Suzuki K et al. 2000) and in rat spinal cord (Suzuki K et al. 1999; Kataoka et al. 2001) . In these studies, nerve regeneration through the implanted alginate gel was examined at 7 and 18 weeks, and 7 months after grafting.
In the present study, we examined the interaction between regenerating axons/Schwann cells and implanted alginate gel in the early stages within 2 weeks, and the increase in diameter of regenerated fibers toward the normal level in the late stages up to 21 months after surgery.
Materials and methods

Preparation of freeze-dried alginate sponge
Ethylenediamine and water-soluble carbodiimide [1-ethyl-3-(3-dimethyl-aminopropyl)-carbodiimide hydrochloride] were well dissolved in 1% sodium alginate (Wako Pure Chemical Industries, Ltd., Osaka, Japan) aqueous solution, resulting in a transparent gel cross-linked with covalent bonds. The gel was washed with 2.5 mM calcium chloride and 143 mM sodium chloride, and then with distilled water to remove residual contaminants and unreacted reagents. The gel was then freeze-dried and sterilized by 25 kGy cobalt-60 g-irradiation.
Surgical procedure
Adult male Wistar rats weighing approximately 180 g were used in the present study. Animals were anesthetized by intraperitoneal injection of Nembutal (pentobarbital sodium, 50 mg/kg body weight), the right sciatic nerve was exposed, and a small nerve segment was excised to make a 10-mm defect at the mid-thigh level. Two pieces of alginate sponge more than 10 mm in length were placed in the gap between the proximal and distal stumps. All the surgical procedures were performed under sterile conditions. For comparison, collagen sponge (CLS-01, Funakoshi Co., Tokyo, Japan) and fibrin glue (Bolheal, Kaketsuken, Kumamoto, Japan) were implanted into the 10-mm gap in the same manner as above.
Immunohistochemistry
At 4, 6, 8, and 14 days and 4 weeks after surgery, the animals (n=5 for each stage) were deeply anesthetized with pentobarbital sodium and transcardially perfused with ca. 50 ml phosphate-buffered saline (PBS, 20 mM sodium phosphate buffer, pH 7.5, containing 0.15 M NaCl) followed by ca. 400 ml fixative containing 4% paraformaldehyde in 0.1 M phosphate buffer (PB, 100 mM sodium phosphate buffer, pH 7.5). All procedures were performed according to the "Principles of Laboratory Animal Care" advocated by Kyoto University Animal Experiment Committee. After perfusion, the sciatic nerve segment including the implanted alginate gel was dissected out. The contralateral sciatic nerve was used as control. All the following procedures were performed at 4C unless otherwise stated. The nerve segments were immersed for 4 h in 4% paraformaldehyde in 0.1 M PB. The segments were then infiltrated with sucrose by immersion in a series of increasing concentrations (15%, 20% and 25% w/v) of sucrose in PBS, mounted in OCT embedding compound (Miles, Elikhart, IN) , quickly frozen on dry ice, and cut longitudinally into 10-m-thick sections with a cryostat. The frozen sections were placed on 3-aminopropyltrimethoxysilane (APS)-coated slides. Double-labeling immunohistochemical staining was performed as follows. The specific antibodies for Schwann cells and for regenerated axons used were anti-S100 rabbit polyclonal antibody and anti-b-tubulin class III mouse monoclonal antibody, respectively (Li et al. 1997) . Frozen sections were washed 3 times with PBS. After treatment with SaGlyPBS (0.005% saponin, 50 mM glycine in PBS) containing 20% BlockAce (skimmed milk, Dainippon, Japan) for 30 min, sections were incubated for 24 h with anti-b-tubulin class III antibody (1:300, Sigma Chemical Co., USA), and with anti-S100 antibody (1:300, Sigma Chemical Co.) containing 5% BlockAce. After washing 3 times in SaGlyPBS, the sections were incubated for 24 h with Texas-red-labeled antimouse-IgG antibody (1:100, Amersham Life Science, USA) and fluorescein-labeled anti-rabbit-IgG antibody (1:100, Amersham Life Science) in SaGlyPBS containing 5% BlockAce. After washing, sections were embedded in glycerine/0.1 M PB (1:1) solution before observation by confocal laser scanning microscopy (MRC 1024, Bio-Rad, CA).
For immunoelectron microscopy, frozen sections were washed 3 times with PBS. After treatment with SaGlyPBS containing 20% BlockAce for 30 min, sections were incubated for 24 h with anti-S100 antibody (1:300, Sigma Chemical Co.) in SaGlyPBS containing 5% BlockAce. After washing, they were incubated for 20 min in diaminobenzidine (DAB) solution [50 mM hydroxyethylpiperazine ethanesulfonic acid (HEPES) buffer, pH 7.2, 0.05% 3,3'-diaminobenzidine tetrahydrochloride] at room temperature, and then incubated for 5 min in DAB solution supplemented with 0.01% H 2 O 2 . The sections were washed twice with 0.1 M PB and examined by light microscopy, and selected sections were postfixed in 1% OsO 4 solution for 2 h. As a control, sections were incubated in the same way in SaGlyPBS without antibody, and postfixed with osmium tetroxide. Sections were subsequently dehydrated in a series of increasing concentrations of ethanol, and embedded in Epon-812 resin. Ultrathin sections were cut with a diamond knife on an LKB-2088 ultramicrotome, and examined by transmission electron microscopy (JEM-1200, JEOL, Japan).
Light and electron microscopy
At 4, 7 and 14 days, 8 weeks, and 21 months after implantation of alginate gel, the rats (n=6 for 4, 7 and 14 days and 8 weeks, n=3 for 12 months, and n=4 for 21 months) were deeply anesthetized with pentobarbital sodium and transcardially perfused with ca. 50 ml PBS followed by about 400 ml fixative containing 2% paraformaldehyde and 2.5% glutaraldehyde in 0.1 M PB. Animals implanted with collagen sponge and fibrin glue were perfused after 12 months in the same manner. After perfusion, nerve segments including the implanted alginate gel, collagen sponge and fibrin glue were dissected out. Samples were postfixed in 1% OsO 4 solution, dehydrated in ethanol, and embedded in Epon-812 resin. Then, 1-m semithin sections were cut, and stained with 0.5% toluidine blue solution for light microscopy. Ultrathin sections were cut with a diamond knife on an LKB-2088 ultramicrotome, stained with lead citrate and uranyl acetate, and observed by transmission electron microscopy. The alginate gel before implantation was processed in the same manner as above for electron microscopy.
Electrophysiological study
Six rats were used. Electrophysiological studies were performed using a Nicolet Viking Quest system for evaluation of nerve conductivity 8 weeks after surgery. The rats were anesthetized with pentobarbital sodium (50 mg/kg), and sciatic nerve segments distal and proximal to the lesion were exposed. Electrical stimuli were applied to the proximal portion, and recordings were made at the distal portion. Bipolar platinum wire electrodes insulated except at the tips in the shape of hooks enabled the nerves to be stimulated separately without an external current jump of the stimulus. The bipolar recording electrodes were placed 5 mm distal to the lesion. Action potentials (AP) recorded from the right sciatic nerve were compared to those of the left control sciatic nerves. Recovery index was calculated by the following formula (Suzuki Y et al. 1999b ): recovery index = peak latency (amplitude) of regenerated side/peak latency (amplitude) of contralateral control side.
Measurement and statistical analysis
Measurements of the population and diameter of myelinated axons were made from 400 photomicrographs taken of Epon sections. Measurements were performed by a person who did not know the details of the experiments and from which experiments the pictures had been taken. For measurement, six different areas (110 5 -m 2 for each area) were randomly selected from three animals. The shortest width of the myelin sheath was regarded as the diameter of the myelinated fibers. In addition, for comparison among implantations of alginate gel, collagen sponge, and fibrin glue, all the myelinated fibers were counted at the site ca. 1 cm distal to the gap in the tibial and peroneal nerves. For the control, the number and diameter of myelinated axons were measured in the same way as above in the sciatic nerve of the opposite (non-operated) side from three animals.
The values of these measurements were expressed as mean € standard error of the mean. All statistical evaluations were performed by unpaired t-test. Values of P<0.05 were considered statistically significant.
Results
Nerve regeneration from proximal stump Double-staining with anti-b-tubulin class III monoclonal antibody and anti-S100 polyclonal antibody demonstrated the positional relationship between regenerating axons and Schwann cells. Four days after surgery, some sprouting axons had emerged from the proximal stump and extended ca. 100 m (Fig. 1A) . These early sprouting axons were not associated with Schwann cells. Six to 8 days after surgery, however, many sprouting axons situated near the stump were surrounded by Schwann cells (Fig. 1B, C) , while some in the front (ca. 0.5-1.5 mm from the stump) appeared naked without a Schwann cell covering as demonstrated by double-staining for b-tubulin III and S100 (Fig. 1B) . Some Schwann cells appeared without axons. At 14 days after surgery, regenerating axons extended as far as 4-5 mm in length, and appeared to be surrounded by Schwann cells over their entire length to the tip. It was noted that regenerated axons extended along the marginal region but not through the central part of the implanted alginate gel mass. There was a rich vascularization in these marginal areas. It thus seems that regenerated axons preferentially extended through the partially dissolved alginate gel at the periphery (Fig. 1D) . At 4 weeks after surgery, alginate gel had dissolved out, resulting in apparently straight extension of regenerating axons between the proximal and distal stumps (Fig. 1E) .
On electron microscopy, sprouting axons were in direct contact with alginate gel 4 days after surgery ( Fig. 2A) . Seven to 14 days after surgery, most regenerating axons were surrounded by Schwann cells as fasciculated or single fibers, while some were partly devoid of Schwann cell investment, and in direct contact with alginate gel (Fig. 2B, 2C ). Mast cell invasion into alginate gel was conspicuous, and they were increased in number from 4 to 14 days after surgery (Fig. 3 ). Fibroblasts were found at the periphery where alginate gel was partially degraded. Few collagen fibers were found in the interstitial space.
Schwann cell migration from distal stump Six days after surgery, nerve fibers positive for anti-btubulin class III antigen had completely disappeared from the distal stump. A few Schwann cells had migrated into the alginate gel from the distal stump (Fig. 4A) . Fourteen days after surgery, numerous Schwann cells were noted to have migrated from the distal stump. Schwann cells migrated along the peripheral zone of alginate gel, where it had partially dissolved (Fig. 4B) . Migration distance from the distal stump was ca. 400 m at 6 days, ca. 1 mm at 8 days, and ca. 2 mm at 14 days after surgery.
Migratory Schwann cells were identified by immunoelectron microscopy for S100. Migratory Schwann cells had no basal lamina at 8 days after surgery (Fig. 5A ). Mast cells, macrophages and fibroblasts, besides migratory Schwann cells, stained negatively for S100. Migratory Schwann cells tended to become attached to each other to form cell strands 14 days after surgery (Fig. 4B) . At 4 weeks after surgery, it appeared that regenerated axons which had extended through the alginate gel were associated with migratory Schwann cells, and had further elongated into the distal stump.
Increase in diameter of regenerated fibers in the long term
In order to evaluate the population and diameter of regenerating axons in the long term, we compared the regenerating axons at 8 weeks ( Fig. 6A ) with those at 21 months after surgery (Fig. 6B) . The population and diameter of myelinated axons were measured at the midpoint of the gap on toluidine-blue-stained semithin Epon sections. The population (plus the area containing ) at 21 months (Fig. 6C, D) . The population in 21-month-old normal sciatic nerve was much smaller than that in 8-week normal nerve, probably due to nerve degeneration in senescence. It should be noted that there was a significant difference between the values of the operated nerves and of the contralateral normal sciatic nerves at 21 months after surgery. There was a tendency for the population of regenerating fibers at 8 weeks to be larger than that of the contralateral normal side, though there was no significant difference between these two values. These data indicate that regenerated nerves contained a larger population of myelinated axons than normal nerves.
Myelinated fibers 0 to 2 m in diameter were most abundant at 8 weeks after surgery, whereas those with a large diameter of more than 2-4 m were increased in number at 21 months after surgery. In the contralateral normal sciatic nerves, myelinated fibers showed a wide range of diameter from 0-2 to 12-14 m both at 8 weeks and at 21 months after surgery (Fig. 7) . The distribution pattern at 21 months after surgery was similar to that of the contralateral normal sciatic nerve at 8 weeks after surgery. Thus, regenerated fibers tended to attain as thick a diameter as that of normal fibers, 21 months after surgery.
The total number of myelinated fibers in tibial nerve 12 months after implantation were 4,300, 220, 70, and 2,400 in control nerve, and implantations of collagen sponge, fibrin glue and alginate gel, respectively. Similarly, the values in the peroneal nerve were 2,500, 200, 120, and 1,900 in the above order, respectively (Fig. 8) .
Electrophysiological study
In all rats (n=6), action potentials were recorded from the distal stump following stimulation of the proximal nerve, 8 weeks after surgery (Fig. 9) . However, the latency of the action potentials recorded from regenerated nerves was longer and the amplitude was smaller than those of the normal sciatic nerve on the opposite side. The mean recovery index of latency was 1.81€0.65 (mean € SD). The mean recovery index of amplitude was 0.86€0.37 (mean € SD).
Alginate gel morphology
Alginate gel before implantation was observed by light and electron microscopy. Fourteen days after surgery, the periphery of the gel was partially degraded, and invaded by many cells such as macrophages, mast cells, and fibroblasts. Macrophages were very small in number: only a few were seen in one visual field at 4 magnification 14 days after implantation. In contrast, the central part of the gel remained almost undissolved, and invaded by only a few cells (Fig. 10A) . Electron microscopy showed that alginate gel before implantation appeared as a thick lattice of strands (Fig. 10B) . However, at 14 days after surgery, the alginate was partially dissolved into very fine matrix materials, as clearly shown in Fig. 10C .
Discussion
The present study demonstrated that alginate gel could be an efficient substrate for peripheral nerve regeneration. Regenerating axons grew through the partially degraded alginate gel in the early stages. Myelinated fibers showed a tendency to increase in diameter toward the normal size in the later stages. In this study, it was shown that alginate gel is much more effective than collagen sponge and fibrin glue. We have already shown that alginate gel is effective as a substance for nerve regeneration in as long as a 50-mm gap in the cat sciatic nerve (Suzuki Y et al. 1999b) . It was noted that numerous Schwann cells migrated from the distal stump into the alginate gel. Alginate gel provides a favorable environment for the growth of regenerating axons as well as Schwann cell migration. It should be noted that alginate is a biomaterial from plant rather than animal tissue. Similarly, agarose gel, a plant biomaterial bound with peptides derived from laminin, also showed promotion of regenerating axon outgrowth in vivo (Bokenhagen et al. 1998 ).
Axonal outgrowth and Schwann cell investment
The present study analyzed in detail the early outgrowth of regenerating axons from the proximal stump, and the migration of Schwann cells from the distal stump through alginate gel matrix by immunohistochemical staining and electron microscopy. It was clearly shown that naked axons elongated through partially degraded alginate gel by directly contacting the gel without Schwann cell investment. These findings are compatible with those of studies in which sprouting axons advanced through acellular matrix such as basal lamina tubes Osawa et al. 1990; Fujimoto et al. 1992 Fujimoto et al. , 1997 . Torigoe et al. reported that early sprouting axons from the transected nerve stump extended alone without Schwann cell investment in the plastic film model (Torigoe et al. 1999) . The extension of naked axons in the adult was also found at the motor end plate, where new sprouts emerged and extended to the neighboring denervated endplate (Torigoe 1988 ).
Cell infiltration into alginate gel
Fibroblast invasion was much less distinct in the alginate gel implant than in plastic tubes (Scaravilli 1984) or silicon tubes (Weis et al. 1994) . Alginate gel is considered to be an unfavorable environment for fibroblasts to invade. This suggests that alginate gel would provide a more favorable environment for the outgrowth of regenerating axons than artificial materials.
It should be noted that mast cells infiltrated into implanted alginate gel. Mast cells were increased in number up to 2 weeks, and remained up to 8 weeks after surgery (data not shown). Some studies suggest that mast cells have a promoting influence on nerve regeneration (Olsson 1966; Morris et al. 1972; MacDonald et al. 1981; Nennesmo and Reinholt 1986; Latker et al. 1991) . However, a causal relationship between mast cells and nerve regeneration remains to be elucidated. The present study demonstrated that 21 months after surgery, a fraction of regenerated nerve fibers became as large in diameter as those in the normal sciatic nerve. This indicates that myelinated fibers can gradually become mature in terms of diameter approaching the normal level in the long term (Mackinnon et al. 1985) . The overall population of myelinated fibers in the regenerated nerve was larger than that in the normal sciatic nerve (Jenq and Coggeshall 1984) , indicating that several regenerating axons emanated from one myelinated axon in the proximal stump. In addition, it is probable that regenerating axons gave rise to branches during their growth. It is interesting that the population of myelinated fibers was larger in the regenerated nerve than in the opposite normal nerve in 21-month-old rats. There were many degenerating fibers in the contralateral normal nerve of 21-month-old rats, but no degenerating fibers were found in the regenerated nerve of the opposite side. This could indicate that regenerated fibers maintain their function longer than the original nerve fibers.
There was a significant difference between implantations of collagen sponge (or fibrin glue) and alginate gel. This shows that alginate gel is more effective than collagen sponge and fibrin glue.
Schwann cell migration from distal stump
It is conspicuous that many Schwann cells migrated into the alginate gel from the distal stump in the early stage after surgery. Anderson showed that Schwann cells migrated 8.5 mm through Schwann cell basal lamina tubes without accompanying axons 6-8 weeks after implantation (Anderson et al. 1991) . Calder and Green also demonstrated migration of Schwann cells from the distal stump through autologous freeze-thawed muscle by immunohistochemical staining for S100 (Calder and Green 1995) . The present study confirmed that Schwann cells migrated 2 mm from the distal stump, and that they had no basal lamina 14 days after surgery. The speed of migration was almost the same as in basal lamina tube (Anderson et al. 1991) . Schwann cells promote axonal outgrowth most effectively. To promote regeneration of a peripheral nerve, cultured Schwann cells have been used as transplants (GuØnard et al. 1992; Kim et al. 1994; Plant et al. 1995; Xu et al. 1999; Rodríguez et al. 2000 ). An implanted material that could serve for migration of Schwann cells from both the proximal and distal stumps would be promising as a substrate for nerve regeneration. With further improvement to enhance Schwann cell migration, alginate gel would be a more effective material for nerve regeneration.
Nerve conductivity between the stumps Electrophysiological study was performed to confirm restoration of nerve conductivity through the implanted alginate gel. The possibility that excitation of nerve fibers around the implanted alginate gel contributed to the generation of action potentials was excluded by completely removing the adjacent tissue surrounding the regenerated nerve. The result showed that all the regenerated axons originated from the proximal stump, but not from intact nerve networks in the surrounding connective tissue. The regenerated fibers, as observed histologically, were therefore regarded to be derived from cut sciatic nerve.
Alginate gel degradation
The present study indicated that regenerating axons and Schwann cells extended or migrated preferentially through partially degraded alginate gel. The difference between partially degraded alginate gel and non-degraded alginate gel was clearly shown by light microscopy. Alginate gel before implantation showed a dark lattice pattern, whereas that around regenerating axons showed fine fibrous features probably due to partial degradation, by electron microscopy.
Porous freeze-dried alginate gel was used in this study. We initially expected that regenerating axons would use such pores as a scaffold for extension. However, the extension pattern of regenerating axons through the milieu of partially degraded alginate gel strongly suggested that partially degraded alginate gel might be suitable for axonal elongation (Fig. 11) . Therefore, the control of biodegradability, rather than the pore size of alginate gel, is considered important for nerve regeneration.
Alginate has a simple structure and chemically active carboxyl groups. Therefore, it can be modified by various chemical alterations through its peptide bonds and ester bonds, to control its biodegradable properties, as well as its hydrophilic-hydrophobic balance.
A summary of the alginate gel implant and nerve regeneration is illustrated in Fig. 11 . Regenerating axons elongated from the proximal stump through the partially degraded region at the periphery of the implanted alginate gel, and finally formed a thick strand bridging the proximal and distal stumps, 4 weeks after surgery.
